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Abstract

This report is the final technical report for NASA Research Grant NAG-l-1072,
• under the administration of Dr. William E. Zorumski, covering the period 1/1/91 to

6/30/91.

Description of Project

The primary aim of this research program was to investigate the mechanisms
which cause the unsteady wall-pressure fluctuations in shock wave turbulent
shear layer interactions. The secondary aim was to f'md means to reduce the

magnitude of the fluctuating pressure loads by controlling the unsteady shock
motion. The particular flow under study is the unsteady shock wave interaction
formed in the reattachment zone of a separated supersonic flow. Similar flows are

encountered in many practical situations, and they are associated with high levels
of fluctuating wall pressure.

The free shear layer is formed by the flow over a backward facing step, using an
existing model, with the base pressure on the step adjusted so that there is no
pressure discontinuity at the lip (see Figures 1 and 2). The shear layer therefore
develops in a zero pressure gradient. The primary advantage of this flow
configuration is that the reattachment process can be studied in the absence of a



separation shock. The mean flow data, and some preliminary hot-wire

measurements of the mass-flux fluctuations were made by Baca[1] and Settles,
Baca, Williams and Bogdonoff[2], who showed that the shear layer became self-

similar at about 1780 downstream of the lip, and that it grew at a rate typical of

the observed Math number difference (about 1/3rd the incompressible growth
rate). The turbulence measurements were later extended by Hayakawa, Smits and
Bogdonoff[3] under NASA Headquarters support.

Progress

In the early work supported by the present grant[4], wall pressure fluctuations

were measured in the reattachment region of the supersonic free shear layer using
an array of flush-mounted, miniature, high-frequency pressure transducers, and
some preliminary images of the instantaneous shock structure were obtained
using Rayleigh scattering to visualize the instantaneous density field.

Contrary to previous observations of this flow, the reattachment region was
found to be highly unsteady, and the pressure fluctuations were found to be
significant. The most remarkable feature observed in the pressure fluctuation data
was the dramatic increase in large amplitude pressure fluctuation near the
reattachment point, which reached a maximum of about 11% of the local mean

pressure. The pressure fluctuations fell off gradually in the redeveloping
boundary layer downstream. The results also showed that the flow in the ramp is
divided into two regions, a reattachment and a redevelopment region. Near
reattachment, the pressure fluctuations greatly increase, and large scale structures

breakdown into smaller scales. Downstream of reattachment, the fluctuating
properties gradually decline and the boundary layer recovers its structure.

The preliminary visualization study using the Rayleigh technique also yielded
some interesting results. The images taken in a streamwise plane near
reattachment indicated an apparent shock splitting, which seemed to extend

considerably upstream of the mean reattachment point. No two images were
alike, showing how the strong pressure fluctuations observed on the ramp
coupled with a high degree of unsteady shock motion.

When the plane of the light sheet was oriented parallel to the freestream direction,
the image gave an instantaneous plan view of the large scale organization of the

shear layer. Some plan views gave a strong indication that a spanwise, and a
streamwise structure exists, in accordance with previous subsonic observations at
low Reynolds number. Near the ramp the streamwise organization was
particularly evident, suggesting the presence of Taylor-Gortler-like vortices near

reattachment, as has been speculated in the past (Selig et al.[7]). When the plane
of light was tilted so that it made an angle of about 20 ° with the plane of the
ramp, a most remarkable spanwise wrinkling of the reattachment shock was made
visible. Hence, the instantaneous shock structure in the reattachment zone was

found to be very complex: there is streamwise shock splitting, and spanwise
shock wrinkling, so that there can exist "cells" enclosed by shock sheets_



The evidence presented by Shen et al.[ 4] for the shock unsteadiness and the
shock wrinkling prompted two questions. Was it the result of an interaction with
the longitudinal structures seen in the incoming shear layer? And can the
unsteadiness be controlled by modifying the shear layer structure? Here, we
report the first application of control methods in an attempt to change the level of
the fluctuating pressure loads. The particular control method used was steady
blowing into the recirculation zone near the backward-facing step.

The blowing took place through a 3.2 mm (0.125") hole drilled in the floor of the

cavity, on the centerline of the model, as close as possible to the vertical face of

the backward-facing step. The supply pressure was varied from 1.35 x 106 Pa

(200psia) to 0.17 x 106 Pa (25 psia). The corresponding mass flow rates were

0.0233 Kg/s, and 0.0029 Kg/s, respectively. The flow response was similar for all
supply pressures, and the differences observed in the flow response for different
blowing rates were only a matter of degree. All results presented here were taken

at a blowing supply pressure of 0.68 x 106 pa (100 psia), and a mass flow rate of
0.0116 Kg/s.

The schlieren flow visualizations shown in Figure 3 were taken using a horizontal
knife edge. The exposure time is less that 2 microseconds, during which time the
freestream moves less than lmm. To make these images possible, the opaque side
fences were removed (these are normally used to improve the two-dimensionality

of the flow in the reattachment region). In addition, the side edges of the cavity
were cut down 15.9 mm (0.625") to reveal the lower edge of the free shear layer.
It should be noted that the lower black edge in each of the images is still 9.5 mm
(0.375") above the bottom of the cavity. The images were recorded on 0.5" S-
VHS videotape, and grabbed using an Imaging Technology Image Processor
controlled by a Silicon Graphics Personal Iris workstation. The greylevels were
offset and amplified by a fLxed amount to improve the contrast.

In Figure 3, schlieren flow visualizations are shown of the flow separating from
the backward-facing step and reattaching on the 20" ramp. The flow is from left
to right. In Figure 3a, there is no blowing and the upper and lower edge of the
developing free shear layer are clearly visible. Due to the spanwise integration of
density gradients, the edges are almost without feature, although there is some

evidence of the turbulent nature of the flow in the appearance of the lower edge.
Waves are also visible emanating from the upper edge of the layer. There is an
expansion fan centered on the edge of the backward-facing step, indicating that
when the fences and cavity sides are removed the pressure inside the cavity no
longer exactly matches the freestream value.

The reattaching flow (without blowing) is shown in Figure 3b. The shock is

evident as the dark fan-like region seen above the developing boundary layer.
The shock appears to be distributed in this manner for two reasons: Because of

the absence of the fences the shock will be bowed in the spanwise direction, and

there are significant smaller scale spanwise wrinkles on the shock sheet[4]. The

highly turbulent region near reattachment is visible despite the integration across
the flow.



In Figure 3c, the separating flow with blowing is shown. The jet is not visible in
this image, primarily becauseof the orientation of the knife edge. Note the shock
ahead of the expansion fan: this shock is produced by the jet caused by the
blowing, and it is probably highly three-dimensional. One surprising observation
is that the shear layer deflects down (note the increased size of the expansion
fan), even though mass is being added to the recirculating region, indicating that
there is enhancedentrainment in the shearlayer. Considerably greater activity is
also seenwithin the recirculating flow.

The most dramatic effect of blowing is seen in the reattachment region (Figure
3d). The increased thickness of the developing boundary layer is obvious, as is
the greatly enhanced distortion of the reattachment shock. Severe curvature and
strong displacement of the shock sheet is apparent, indicating a much higher
degreeof unsteadiness.

Rayleigh images of the sameflow are shown in Figure 4. The flow in this caseis
from right to left. The images do not reproduce well, but the information is
interesting becausethey give quantitative data on the instantaneous density, and
they are free of optical integration since they give data in a plane of only 0.2 mm
thickness (the thickness of the laser sheet). Figures 4a show the reattaching flow
without blowing (the picture is oriented as shown in the accompanying sketch),
and Figure 4b shows the top edge of the separating shear layer, also without
blowing (the step is just out of the picture on the right). The convoluted nature
of the interface is clear (contrast this with the schlieren image in Figure 3a). The

weak expansion fan is just visible in the original image, but it does not show up
well in the reproduction. In Figures 4c and 4d, the same flow is shown, this time
with blowing, the weak shock due to the blowing jet is visible as the line
demarking a region of increased brightness, but the stronger expansion fan,

which should show up as a darker region since the density is decreasing, is not
clearly visible. The increased thickness of the shear layer is apparent (all the
images in Figure 4 were taken during the same run, and the camera was not

moved or adjusted), as is the greatly enhanced turbulent activity near the edge of
the shear layer. In the original, compression and expansion waves can be seen
emanating from the shear layer, upstream and downstream of the reattachment

region, closely coupled with the large-scale motions in the layer. A videotape is
available which makes these visualizations extremely graphic.

Conclusions

This work has shown the strong influence that blowing can have on the
development of a separated flow, when the blowing is introduced into the

subsonic side of the shear layer. The shear layer grows much more rapidly, there

is enhanced turbulent mixing, and the unsteadiness near reattachment is greatly
amplified. We believe this was the ftrst time that significant enhancement of
mixing in a supersonic free shear layer has been demonstrated.
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FIGURE CAPTIONS

Figure 1. Geometry for the formation of a free shear layer and its subsequent
attachment on a 20" ramp (from Settles et al.[2]).

Figure 2. Flowfield showing test model and surface static pressure distribution
(from Settles et al.[2]).

Figure 3. Schlieren images of the reattaching free shear layer in a streamwise

plane. Flow is from left to fight. (a) and (b) are without blowing, (c) and (d) are
with blowing.

Figure 4. Rayleigh images of the reattaching free shear layer in a streamwise
plane. Flow is from fight to left. (a) and (b) are without blowing, (c) and (d) are
with blowing.

Figure 3. Schlieren images of the reattaching free shear layer in a streamwise

plane. Flow is from left to fight. (a) and (b) are without blowing, (c) and (d) are
with blowing.

Figure 4. Rayleigh images of the reattaching free shear layer in a streamwise
plane. Flow is from fight to left. (a) and (b) are without blowing, (c) and (d) are
with blowing.

Figure 3. Schlieren images of the reattaching free shear layer in a streamwise
plane. Flow is from left to fight. (a) and (b) are without blowing, (c) and (d) are
with blowing.

Figure 4. Rayleigh images of the reattaching free shear layer in a streamwise
plane. Flow is from right to left. (a) and (b) are without blowing, (c) and (d) are
with blowmg.
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with blowing.

Figure 4. Rayleigh images of the reattaching free shear layer in a streamwise
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Figure 3. Schlieren images of the reattaching free shear layer in a streamwise
plane. Flow is from left to fight. (a) and (b) are without blowing, (c) and (d) are
with blowing.

Figure 4. Rayleigh images of the reattaching free shear layer in a streamwise
plane. Flow is from fight to left. (a) and (b) are without blowing, (c) and (d) are
wlth blowing.



Fig I. Geometry for the formation of a free shear layer and its subsequent

attachment on a 20 ° ramp (from Settles et al.2).

Fig. 2. Flowfield showing test model and surface static pressure distribution
(from Settles et al.2).
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Figure 3. Schlieren images of the reattaching
plane. Flow is from left to right. (a) and (b)
are with blowing.

free shear layer in a streamwise
are without blowing, (c) and (d)



O,,

_i_ii__" _

G

6

d

Figure 4. Rayleigh images of the reattaching
plane. Flow is from right to left. (a) and (b)
are with blowing.
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